Mass-produced automated piezoelectric driven picoliter delivery systems (printer heads) 
INTRODUCTION
X-ray crystallography is the technique most frequently employed to provide structural information in highthroughput structural proteomics and genomics studies (12) . Advances in experimental techniques allow the automation of most of the steps required by high-throughput crystallography experiments (6) . A remaining challenge is the application of fully automated approaches to protein crystallization and crystal manipulation (6, 14) . Crystallization conditions depend on a large number of parameters (e.g., protein concentration, pH, temperature, and ionic strength). Experimental screens, such as those based on sparse matrix and incomplete factorial designs, can be used to find initial conditions (wwwstructure.llnl.gov/crystool/crystool.htm) (1, 2, 7, 8) . Additional experiments are required to optimize the crystallization conditions (13) . Large amounts of highly purified, highly homogeneous protein solutions are required to scan and zero-in on the crystallization conditions. Using the robotic controlled setting of small-volume assays is the simplest way to reduce the amount of material required and to accelerate crystallization assays (9) . Automated piezoelectric driven picoliter delivery systems (PDPDSs) are capable of delivering sub-picoliter size drops at a very high speed and with great volume accuracy (15) . Commercially available piezoelectric fluid-dispensing devices are used in many different applications to dispense drops in a wide range of volumes. However, the most common use of PDPDSs is for drop-on-demand ink-jet printing. Ink-jet printer heads have a fluid-filled chamber with an inlet at one end and a nozzle at the other (11, 15, 16) . A piezoelectric element induces an acoustic wave in the fluid, causing a drop to be ejected from the nozzle. No mechanical parts are involved in the fluid handling, which makes the printer heads very reliable and accurate devices. In this work, we use printer heads to deliver protein and precipitant solutions to set the crystallization assays in a range of volumes extending to 2 nL per drop.
MATERIALS AND METHODS
Lysozyme crystallization assays were carried using an Epson 480SX printer (Epson, Long Beach, CA, USA) ( Figure 1 ). The printer paper carrier mechanism was dismounted to gain access to the printer head, but no modifications were made to the printer head. Solutions were dispensed through the standard tubing using empty (i.e., not previously filled) cartridges. Crystallization solutions were adjusted with small amounts of glycerin and Tween ® 20 to a final surface tension of approximately 42 dyn/cm. All solutions were prepared from chemicals of the purest quality available and dissolved in Milli-Q ® quality water. All solutions were filtered through 0.22 µm filters before the addition of Tween 20. A light min-eral oil or a very low-density siliconized oil (polydimethylsiloxane)(3) was placed in the wells of standard NUNC microplates (Nalge Nunc International, Rochester, NY, USA) before the delivery of the solution components. After the individual solution components were dispensed, the microplate was centrifuged at 3000-7000 rpm using a modified basket with an approximate 5-cm rotor radius corresponding to relative g values between 500 and 2700. We were concerned about the actual accuracy of ink-jet printer heads when used in the context of protein crystallography. The mean variation of the ejected drop size in standard factory tests is rated at ±10%. It is important to know whether this error is constant when larger accrued drops (delivered by repeated injection of picoliter drops) are delivered. We measured drops of different sizes, ranging from 100 nL to 40 µL, using 5% glycerin solutions including dye reactants or lysozyme. Drop size was measured in several ways. Drops were collected either in mineral oil-filled microplates or in Whatman ® paper sandwiched in cellophane to avoid evaporation. The later experiments were used for the direct gravimetric analysis of the drop size. The analysis of these samples indicates that the relative error versus drop size is largely constant with size (all drops measured fall within ±3% relative error from the average value). This suggests that the error is mostly randomly distributed, as claimed in the literature (15, 16) . It was also important to know the variability among the nozzles. We used the threecolor nozzle arrays to test this variability. Empty color ink cartridges were filled with glycerin solution (5% w/w). A total of 27 tests were done, including all possible combinations among the three nozzles (from 100% + 0% + 0% ... to 0% + 0% + 100%), scanned in thirds. The variability observed is similar to that observed in single nozzle experiments (±4%). The variability of drops set under oil was tested by preparing drops composed of a pH indicator (either Bromphenol Blue or Phloxine B) and preparing series of drops of variable size with increasing additions of a neutralizing agent. This test, equivalent to a microtitration experiment, can be calibrated to 5% error. No significant differences with drop size were observed in these experiments either. The overall average error of the colorimetric assay (estimated in ±5%) limited our ability to discern smaller variations among the assays.
DISCUSSION
The primary aim of this work was to make it possible to use mass-produced ink-jet printer heads for the automated screening of protein crystallization conditions. Ink-jet printer heads allow the exploration of crystallization conditions at a very low cost, while extending the technique of high-throughput crystallography to volume regimes previously unexplored. Ink-jet printer heads are obtained by sintering multiple layers of patterned clays that, upon sintering, solidify in a single body. Thus, these devices do not contain mobile parts and are highly resistant to corrosion. The parameters controlling drop ejection are related by the Weber number (W e ) (10) . W e is proportional to the square of the oscillation frequency of the piezo element and to the inverse of the fluid surface tension; thus, a wide variety of fluid compositions can be handled by tuning the oscillation frequency. The acoustic propulsion of the drop from a printer head nozzle does not require the assistance of gravity or capillarity (i.e., drops can be ejected in any direction including sideways and upwards), allowing for great flexibility in the equip- ment design. Printer head nozzles are arranged in arrays that reach densities two orders of magnitude higher than customary in fluid-dispensing robots used in crystallography assays. The fluid pass-through mechanism in these devices allows for repeated dispensing without reloading, which drastically reduces the setting time of experiments. The total flux in ink-jet printers can be estimated from the frequency of oscillation and the number of nozzles in the printer head. At oscillation frequencies of 10 -4 s, a printer head can deliver 10 8 ultra-small drops per minute. Total fluid flux of milliliters per minute can be obtained with a typical number of nozzles in the printer heads (30-600). Massproduced printer heads can deliver variable size drops (0.3-40 pL), thus adding flexibility to the experimental design. Plate density and other experimental parameters obtained using these devices can be estimated from the image resolution of ink-jet printers (Epson). Ink-jet printers can reach a resolution of 2880 dots per inch (3 µm separation between dots) and can print several pages (8.5 × 11 in) per minute. Coalescing matrices of 100 × 100 ejected microdrops per experiment to form the crystallization drops would result in approximately 5000 settings per minute. This rate is faster than that of commercially available crystallization robots. Using the smallest drops attainable with ink-jet printer heads [approximately 0.3 pL (4) ], a full page (2 × 10 8 drops) can be filled with approximately 0.055 mL of material, resulting in great savings in the amount of protein required to screen a very large number of conditions. This super-fast setting of ultra-small samples can be used to obtain a near continuum screening of conditions. A nearly continuous sampling of conditions should help in the identification of narrow regions of metastability (5) . This may be especially helpful in the crystallization of complex multimers (e.g., RNA or DNA protein complexes) or membrane proteins, in which the metastable regime is characteristically narrow. The smaller drop size attainable with printer heads will contribute to the faster analysis of conditions. The shorter time required for crystal formation in smaller drops results in a reduction in the degree of protein decomposition caused by aggregation, denaturation, oxidation, and deamidation, resulting in cleaner, more reproducible experiments. Ultrasmall drops may also result in simplifications in the automated scanning of the settings because depth focusing during drop scanning may not be required.
Although technology is frequently transferred from the research bench to the mass market, the reverse process has been a common occurrence in recent years. Clusters of personal computers (Beowulf Computers; www.
Proteomic Technologies
beowulf.org) built with commodity parts epitomize this trend. Beowulf machines revolutionized the use of supercomputers by introducing low cost, high-performance devices that expanded the use of massive computing to new areas of research. Similarly, mass-produced picoliter-dispensing technologies (ink-jet printer heads) may revolutionize the use of ultra-small samples in the laboratory environment. High throughput can be achieved by clustering these devices because of their very low cost, opening the possibility of using high-throughput crystallography in non-specialized laboratories.
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